In several neurodegenerative diseases, like Huntington's disease (HD), treatments are still lacking. To determine whether a treatment is effective, sensitive disease progression biomarkers are especially needed for the premanifest phase, since this allows the evaluation of neuroprotective treatments preventing, or delaying disease manifestation. On the basis of a longitudinal study we present a biomarker that was derived by integrating behavioural and neurophysiological data reflecting cognitive processes of action control. The measure identified is sensitive enough to track disease progression over a period of only 6 month. Changes tracked were predictive for a number of clinically relevant parameters and the sensitivity of the measure was higher than that of currently used parameters to track prodromal disease progression. The study provides a biomarker, which could change practice of progression diagnostics in a major basal ganglia disease and which may help to evaluate potential neuroprotective treatments in future clinical trials.
We examined processes related to action selection and control in a task that was a combination of a ''Stroop Task'' and a ''Set-shifting Task.'' Both tasks depend on fronto-striatal networks 12, 13 , which play an important role in action selection 14 . These processes depend upon the integrity of striatal medium spiny neurons (MSNs) 15 , the genetically determined degeneration of which is a hallmark of HD 16, 17 . The task used here requires that conflict monitoring 18 and the flexible adaptation of actions 13 be performed in parallel. Notably, this task can detect early deficits in premanifest HD compared to controls at the behavioural and neurophysiological level using event-related potentials (ERPs) 19 . Since changes in the fronto-striatal networks reflect disease progression 6 , it is possible that the parallel execution of conflict monitoring and flexible behavioural adaptation may be sensitive enough to detect even subtle changes in premanifest disease progression and may be used as a cognitive disease progression biomarker in premanifest HD.
Results
Behavioural data. Reaction times (RTs) and error rates were measured in each of the experimental condition (i.e., compatible switch, compatible non-switch, incompatible switch, incompatible non-switch). The RT data (means and SDs) in each of these conditions are given in Table 1 for the pre-HD group. For RT data, the highest interaction containing the factors ''time point'' and ''group'' was the interaction for ''compatibility 3 switch/nonswitch 3 time point 3 group'' (F(2,110) 5 49.83; P 5 0.0001; g 2 5 0.475). Subsequent analyses showed that there was an interaction for the pre-HD group for ''compatibility 3 switch/non-switch 3 time point'' (F(2,52) 5 83.33; P 5 3 3 10 26 ; g 2 5 0.675), showing that task performance varied across the longitudinal time points in pre-HD subjects but not in controls. Further ANOVA analysis of data from the pre-HD subjects was performed separately for the compatible and incompatible trials and revealed that only for the incompatible trials, there was an interaction for ''switch/ non-switch 3 time point'' (F(2,52) 5 77.47; P 5 1 3 10 26 ; g 2 5 0.749). Bonferroni-corrected post-hoc tests revealed that RTs for the incompatible non-switch trials in the pre-HD group did not differ between time points (p . 0.4) ( Figure 1 ). However, for the incompatible switch trials, RTs (in ms) were faster at baseline (831 6 12) than at the 15-month time point (976 6 15) (P 5 0.0005, Cohen's d 5 1.92). Interestingly, a further increase in RT was also evident between the 15-month (976 6 15) and the 21-month endpoints (1023 6 16) (P 5 0.003, Cohen's d 5 0.65) ( Figure 1 ). In terms of error rates, there was no interaction for ''compatibility 3 switch/nonswitch 3 time point 3 group'' (F(2,110) 5 0.98; P . 0.5) so this was not analysed further. As stated in the methods section, two of the examined participants revealed phenoconversion between the 15 and 21-month endpoint. When excluding these two manifest HD subjects from the data analyses, the results remained unchanged; i.e., the results are not biased with respect to these two patients. As to the effect sizes obtained for the reaction time data between the 15 and 21-month endpoint, the effects only decreased marginally (i.e., 0.03 in the effect size not normalized monthly, refer Figure 5 ) when excluding these two patients.
Neurophysiological data. For the ERP data the amplitudes (in mV/ m 2 ) and latencies (in ms) were used as dependent variables. For the time-frequency decomposed data, the power in the different frequency band was used a dependent variable.
The N2 amplitudes for the subjects in this study are shown in Figure 2A at all three time points for the pre-HD subjects and control subjects. The grand average ERPs are shown in Figure 2B . The N2 ERP revealed an interaction for ''compatibility 3 switch/non-switch 3 time point 3 group'' (F(2,110) 5 28.84; P 5 0.0003; g 2 5 0.344). As with the behavioural data, subsequent analyses show that only for the pre-HD group, there was an interaction ''compatibility 3 switch/ non-switch 3 time point'' (F(2,52) 5 26.06; P 5 0.0001; g 2 5 0.501). ANOVA tests of the pre-HD subjects, performed separately for the compatible and incompatible trials, revealed that only for the incompatible trials, there was an interaction ''switch/non-switch 3 time point'' (F(2,52) 5 22.26; P 5 0.0005; g 2 5 0.461). Bonferronicorrected post-hoc tests revealed that the N2 amplitude for incompatible non-switch trials in the pre-HD group did not differ between time points (P . 0.6). However, in line with the behavioural data, the N2 amplitude was larger (i.e. more negative) at baseline (25.57 6 0.3), compared to the 15-month time point (25.09 6 0.2) (P 5 0.0008; d 5 0.97). Importantly, the N2 amplitude declined further at the 21-month time point (24.41 6 0.3) compared to the 15month time point (P 5 0.002; d 5 0.4).
In terms of the N2 peak latency, there was no interaction for ''compatibility 3 switch/non-switch 3 time point 3 group'' (F(2,110) 5 26.33; P 5 0.0005; g 2 5 0.312), and this was not analysed further. Similarly, there was no interaction for ''compatibility 3 switch/non-switch 3 time point 3 group'' for the P3 amplitudes and latencies measured at electrode Pz, P1, and P2 (all F , 0.9; P . 0.4). The P3 ERP components at electrode Pz are shown in Figure 2D .
In addition to the N2 time domain data, the baseline data showed that the time-frequency decomposed data was different for pre-HD subjects compared to controls (Beste et al., 2012) . To test whether this parameter was sensitive enough to track premanifest disease progression over short time periods, we also quantified this parameter within the N2 time range ( Figure 3A) . The time-frequency plots of N2 for the pre-HD group and controls at all time points are shown in Figure 3B .
For the N2 evoked wavelet power the interaction of ''compatibility 3 switch/non-switch 3 time point 3 group'' was significant (F(2,110) 5 37.24; P 5 0.00009; g 2 5 0.404). Subsequent ANOVAs revealed that the interaction of ''compatibility 3 switch/ non-switch 3 time point'' (F(2,52) 5 98.84; P 5 1 3 10 26 ; g 2 5 0.641) was only significant for the pre-HD group. Further ANOVA tests of data from pre-HD subjects, which were performed separately for the compatible and incompatible trials, revealed that there was an interaction of ''switch/non-switch 3 time point'' (F(2,52) 5 21.06; P 5 0.0004; g 2 5 0.447) only for the incompatible trials. Bonferronicorrected post-hoc tests revealed that the evoked wavelet power was highest at baseline (3.48 6 0.01) and had declined at the 15-month endpoint (3.44 6 0.03) (P 5 0.0003; d 5 1.17). The evoked wavelet power was even lower at the 21-month endpoint (3.40 6 0.02) than at the 15-month endpoint (P 5 0.0001; d 5 1.42) ( Figure 3B ). To underline the validity of the results obtained we performed nonparametric test using Monte-Carlo simulations (5000 permutations, 95% confidence interval). The Friedman test revealed differences between the longitudinal endpoints (x 2 5 48.22; df 5 2; lower bound p 5 .00001; upper bound p 5 .001). A Wilcoxon test (5000 permutations, 95% confidence interval) revealed differences between baseline and the 15-month endpoint (Z 5 24.51; lower bound p 5 .00001; upper bound p 5 .001), as well as between the 15-month and 21-month endpoint (Z 5 24.22; lower bound p 5 .00001; upper bound p 5 .001).
As the P3 data did not reveal an interaction for the factors ''compatibility 3 switch/non-switch 3 time point 3 group'' in the time domain data, the time-frequency decomposed data was not analysed. When excluding these two manifest HD subjects from the data analyses, the results remained unchanged; i.e., the results are not biased with respect to these two patients. As to the effect sizes obtained for the reaction time data between the 15 and 21-month endpoint, the effects only decreased marginally (i.e., 0.08 in the effect size not normalized monthly) when excluding these two patients. Regression analyses using the behavioural and time-frequency decomposed data were performed using the disease burden score (DBS) giving a measure of toxic load 6 and the probability of disease manifestation in the next 5 years as dependent variables 20 . There were substantial correlations between both dependent variables and behavioural and neurophysiological parameters (Figure 4) .
Comparison of the effects in this study with those from other studies. To put the current results in the context of those from large-scale multi-centre studies, we compared the effect sizes for the behavioural and neurophysiological parameters in this study with the scores obtained in the cognitive battery of the TRACK-HD study. The TRACK-HD study is one of the largest longitudinal, multi-centre, observational studies of HD 6 . To conduct a comparison, we used the data shown in Table 3 from the analysis by Stout et al. 21 to calculate Cohen's d values. The results of this analysis are shown in Figure 5A , together with Cohen's d as derived from the behavioural and neurophysiological data in the current study. To correct for the different endpoints in the current study and in the TRACK-HD study, we provide Cohen's d estimations for monthly changes ( Figure 5B ).
Discussion
In this longitudinal study, we evaluate the sensitivity of cognitiveneurophysiological parameters for documenting disease progression in pre-HD. The results show that parallel monitoring of conflict and flexible adaptation of actions became increasingly compromised in pre-HD subjects during a 15-month period from baseline as well as during the subsequent 6-month period. To the best of our knowledge, this is the first study to show declines in premanifest disease progression over a period of just 6 months. Other studies on cognition have not shown changes in cognitive function in pre-HD subjects 22 or, alternatively, the pre-HD subjects did not differ from controls 23 . The effect sizes show the high sensitivity of the measures we use (Fig. 6 ). Two pre-HD subjects revealed phenoconversion between the 15 and 21-month endpoint. Excluding these subjects did not affect the pattern of results or the effect sizes obtained. The effect sizes are greater than those obtained from longitudinal neuropsychological data in the TRACK-HD study 21 .
In particular, the results show increases in RTs in incompatible switch trials that are paralleled by reduction of the N2 ERP component and evoked wavelet power in the delta frequency band. The N2 ERP reflects conflict monitoring, response selection processes, and inhibition of responses 24, 25 . The N2 ERP data, together with the behavioural effects, most likely reflect an increasing inability to inhibit processes related to the irrelevant task set from the previous trial 26 and to select the appropriate response in the current trial 19, 24 . In contrast, the P3 ERP component is related to working memory processes, and in particular to the updating, organization, and implementation processes involved in a new task set 27 . Since this neurophysiological parameter does not show longitudinal changes in pre-HD subjects, working memory processes may not contribute to the longitudinal changes we observed.
N2-related processes are mediated via the fronto-striatal networks, including the anterior cingulate cortex (ACC) 25 . Processes reflected by the P3 component are mediated largely via parietal cortical networks 28 . As opposed to the parietal areas, the ACC is closely connected to the striatum. It is possible that differences in the strength of connectivity between the striatal areas and the frontal or parietal areas underlie the differences we observed during premanifest disease progression. The dependence on N2-related processes in fronto-striatal circuits, together with the fact that the parallel execution of cognitive processes (i.e., conflict monitoring and flexible adaptation) depends on the fronto-striatal networks, may explain the high sensitivity across the longitudinal endpoints that we observed in this study. This is underlined by the finding that no longitudinal changes were observed in other trials in which conflict processing and set-shifting did not coincide.
A disease progression biomarker should be sensitive enough to vary with disease progression in pre-HD subjects, should not vary in controls, and should correlate with clinically important parameters 2, 11 . The measures presented here fulfil all these requirements. In both longitudinal periods, disease progression, as tracked by behavioural and neurophysiological parameters, reveal substantial correlations with clinically relevant parameters such as ''disease burden score'' (DBS), also called the ''toxic load,'' and with the probability of disease manifestation in the next 5 years. Systematic changes were not detected at the longitudinal endpoints in controls, but were detected in pre-HD subjects and showed considerable sensitivity as indicated by the Cohen's d effect sizes in pre-HD subjects over a 6month period of premanifest disease progression. As shown in Figure 5A and 5B, the effect sizes as estimated by Cohen's d for the behavioural and neurophysiological parameters in the current study were considerably greater than the effect sizes obtained from standard neuropsychological tests. However, when we used neuropsychological tests similar to those used in the TRACK-HD study 21 and looked at effect sizes obtained from structural MRI data, the effect sizes were similar to those obtained in the current study. Compared to these measures, effect sizes obtained from the timefrequency decomposed neurophysiological data were higher. This is likely due to the fact that the way the test was applied allowed us to conduct a series of trials, and this considerably increased the reliability of the behavioural and neurophysiological measures. The measures we used have been shown to be sensitive to disease-modifying therapy in Parkinson's disease 29 and may also be sensitive enough to monitor the effects of a potential disease-modifying therapy for HD. In contrast to the TRACK-HD study, the current study was not a multi-centre study, which is clearly a limitation. Further studies are needed to evaluate whether the parameters identified here are suitable for use in larger multi-centre studies and can be used as outcome parameters in clinical trials that assess potential neuroprotective treatments for HD.
In summary, this study showed that behavioural and neurophysiological measures of cognitive response selection processes are sensitive enough to detect changes in premanifest disease progression over a short 6-month period. The effect sizes in pre-HD subjects, correlations with clinically relevant parameters, and a lack of similar changes in control subjects suggest that the measures have potential as a novel cognitive-neurophysiological state biomarker and merit further evaluation in larger multi-centre studies.
Methods
Participants. At baseline, a group of 30 right-handed pre-HD subjects were enrolled in the study. After 15 months, three pre-HD subjects dropped out due to personal reasons. There were no further dropouts at 21 months. At each time point, all pre-HD subjects were scored according to the Unified Huntington's Disease Rating Scale (UHDRS) motor score (MS), total functional capacity scale (TFC), and independence scale (IS). Each HD subject completed the verbal fluency test, symbol digit test, and stroop colour naming, stroop word reading, and stroop interference tests; these were summarised in a single cognitive score (CS) 30 . The pre-HD subjects also completed several motor tests. A rating of ''absence of clinical motor symptoms'' was based on experts' assessments of motor signs with the finding that the motor signs were not sufficient for a diagnosis of HD (Diagnostic Confidence Level , 4) 30 . For each pre-HD participant, the probability of estimated disease onset (eAO) within five years was calculated according to Langbehn's parametric model 20 . In addition, we calculated the disease burden score, or DBS, for each subject [(CAG repeat -35.5 3 age) 3 . MRI was performed to assess caudate size.
The study also included 30 right-handed, healthy control subjects that were matched to the pre-HD group in terms of age, sex, educational status, and socioeconomic background. All participants gave written informed consent before the study began. The control subjects were examined at all three time points (baseline, 15 months, and 21 months). The Ethics Committee at the Ruhr-University Bochum (Germany) approved the study. Detailed sample characteristics are shown in the supplementary information ( Table 2 ) for 27 pre-HD subjects completing all time points. Statistical analysis was carried out on the basis of these 27 pre-HD subjects. Clinical values reported for the pre-HD subjects were in the normal range and are comparable to the clinical characteristics of pre-HD subjects in other studies.
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Task. The task is identical to the task described in Beste et al. 19 presenting the baseline data. The outline of the paradigm is depicted below ( Figure 6 ).
Briefly, the task combines a stroop paradigm with a switching paradigm. The stimuli were four colour words (i.e., RED, BLUE, YELLOW and GREEN) presented at the centre of the screen. These colour words are presented either in a rhomb or in a square. These shapes serve as cue stimuli denoting the task rule. Cue and target stimulus are separated by a short delay of 150 ms. When a rhomb is presented, subjects are instructed to respond according to the 'colour rule'; when a square is presented the subjects respond according to the 'word rule'. The subjects respond using their index fingers to BLUE (left key press) and YELLOW (right key press). The middle fingers are used to respond to the RED (left middle finger) and GREEN colour (right middle finger). For the 'colour rule' the subjects respond according to the printcolour of the word and ignore the meaning of the word (e.g. BLUE printed in green, subjects respond with the left index finger). For the 'word rule' subjects respond according to the meaning of the word and ignore the print-colour of the word. In the following sections, colour rule trials and word rule trials are referred to as 'incompatible' and 'compatible' trials respectively. The paradigm contains four different trial types: (i) non-switch, compatible [i.e., on two consecutive trials the font colour of the word corresponds to its meaning]; (ii) switch, compatible [i.e., on two consecutive trials the rule changes, with the font colour of the word corresponding to its meaning]; (iii) non-switch, incompatible trials [i.e., on two consecutive the font colour of the word does not correspond to its meaning]; and (iv) switch, incompatible trials [i.e., on two consecutive trials the rule changes and the font colour of the word does not correspond to its meaning]. The latter condition is the most difficult condition, since conflict monitoring and switching processes are required in parallel.
EEG recording and analysis. In both experiments conducted, the EEG was recorded from 65 Ag-AgCl electrodes at standard scalp positions against a reference electrode located at Cz. The sampling rate was 500 Hz. All electrode impedances were kept below 5 kV. Data processing involved a manual inspection of the data to remove technical artefacts. After manual inspection, a band-pass filter ranging from 0.5 to 20 Hz (48 db/oct) was applied. After filtering, the raw data were inspected a second time. To correct for periodically recurring artefacts (pulse artefacts, horizontal and vertical eye movements) an independent component analysis (ICA; Infomax algorithm) was applied to the un-epoched data set. Afterwards, the EEG data was segmented according to the four different conditions. Segmentation was applied with respect to the occurrence of the stimuli (i.e., stimulus-locked). Automated artefact rejection procedures were applied after epoching: rejection criteria included a maximum voltage step of more than 50 mV/ms, a maximal value difference of 200 mV in a 200 ms interval or activity below 0.1 mV. Then the data was CSD-transformed (current source density transformation 31 ) in order to eliminate the reference potential from the data. Moreoever, the CSD-transformation serves as a spatial filter 32 . As a consequence activity is confined to only a few electrodes, and analysis of amplitudes and latencies can be confined to these electrodes. After the CSD-transformation, data were corrected relative to a baseline extending from 200 ms before stimulus presentation until stimulus onset and averaged. The data pre-processing is identical to the study by Beste et al. 19 . The N2 at electrode FCz and the P3 at electrode Pz were quantified in the longitudinal data, since these electrodes revealed strongest effects in the baseline data 19 . The scalp topography plots for the other longitudinal endpoints suggest that these electrode positions were still the most relevant ones. Baseline correction was performed in the time interval between 2200 ms until stimulus presentation. The N2 was quantified relative to the pre-stimulus baseline and defined as the most negative peak occurring within the time interval of 250 till 320 ms. The P3 was defined as the most positive peak within a time range from 350 to 500 ms. Both components were quantified in amplitude and latency on single subject level. The whole procedure is comparable to the analysis of the baseline data 19 .
Time-frequency decomposition (TF-decomposition). Time-frequency (TF) analysis of stimulus-related potentials was performed by means of a continuous wavelet transform (CWT), applying Morlet wavelets (w) in the time domain to different frequencies (f):
t is time, A~(s t ffiffiffi p p ) {1=2 , s t is the wavelet duration, and i~ffi ffiffiffiffiffiffi ffi {1 p
. For analysis and TF-plots, a ratio of f 0 /s f 5 5.5 was used, where f 0 is the central frequency and s f is the width of the Gaussian shape in the frequency domain. The analysis was performed in the frequency range 0.5-20 Hz with a central frequency at 0.5 Hz intervals. The 'evoked wavelet power' was calculated, which refers to event-related changes in EEG power that are phase-locked with respect to the event onset across trials 33 . The segments used for the wavelet analysis were 4000 ms long; starting 2000 ms before stimulus onset and ending 2000 ms after stimulus onset. This epoch length was chosen to allow a reliable estimation of the evoked power of low frequent oscillations 34, 35 . Maximal TF power and corresponding peak power latencies were measured in time intervals used for ERP quantification and was quantified in the delta and theta frequency band. Their central frequencies were 3 and 5 Hz. We used these a-priori defined frequencies in the analyses of the longitudinal time points to have the same data compared between pre-HD and controls, as for the baseline data already presented 19 . The delta and the theta frequency band were analyzed in separate ANOVAs. Evoked power was quantified at the same electrode positions, as the ERP data. A time window from 600 to 800 ms prior to the response was used to estimate background noise. Wavelet power in the time range of interest was measured normalized to wavelet power at this baseline. Data quantification was performed on single subject level. TF power was log 10 -transformed to normalize the distributions for statistical analyses. The whole procedure is comparable to the analysis of the baseline data 19 .
MRI scanning and analyses. At each time point (baseline, 15 months, 21 months) structural MRI scanning was conducted to assess caudate head volume. Scanning data was available for N 5 25 of the 27 pre-HD participants completing all three visits (2 pre-HDs had to be excluded due to claustrophobia). MR-imaging was performed on a 1.5 T scanner (Magnetom SymphonyTM, Siemens, Erlangen, Germany) using a standard head coil and a Turbo FLASH 3D sequence with the following parameters: TE (echo time): 3.93 ms, TR (repetition time): 1900 ms, TI (inversion time): 1100 ms, FA: 15u, NA: 1, resolution: 1 mm 3 1 mm, 128 sagittal slices, voxel-size in slice selected direction 1.0 mm. Subjects were positioned within the head coil using a standard procedure according to outer anatomical markers. Caudate volume was calculated using the manual tracing method described by Aylward et al. 36 . The whole procedure is comparable to the analysis of the baseline data 19 .
Statistics. The data were analysed by univariate or mixed ANOVA. The mixed measures ANOVA tests contained the factors ''trial type'' (switch vs. non-switch), ''context'' (compatible vs. incompatible), and "time point" (baseline, 15 months, and 21 months) as the within-subject factors. The factor ''group'' (pre-HD vs. controls) was used as the between-subject factor. The degrees of freedom were adjusted using the Greenhouse-Geisser correction for all ANOVAs and for all experiments. All posthoc tests were adjusted using the Bonferroni correction as necessary. The standard error of the mean (SEM) is reported as a measure of variability. Data were normally distributed in all of the tests in this study and at all time points as indicated by the results of the Kolmogorov-Smirnov Tests (all z , 0.5; P . 0.4; one-tailed).
